Upgrades of the C
Detector

Danny Noonan
Florida Institute of Technology

Florida Institute
of Technology

High Tech with a Human Touch™ 1

Compact Muon Solenoid




About Me

Postdoc at Florida Institute of Technology since 2015
Ph.D. from University of Kansas (2014)
Member of CMS collaboration since 2009

Physics analysis focused measurements of
top quark production at the LHC

Leading roles in detector upgrade program for
Hadronic Calorimeter and the High Granularity
Calorimeter for the HL-LHC

- Received CMS Detector Award 2018 for leading the
Forward Calorimeter Upgrades

Active member of the LHC Physics Center at Fermilab
+ LPC Distinguished Research Award in 2019 & 2020
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Physics Analysis

Measurement of top quark production
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+ Single top quark production in tW channel ="
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- Using machine learning to measure process : 200 > :
- First observation for this production channels W
Phys. Rev. Lett. 110 (2013) 022003 oo 8

Phys. Rev. Lett. 112 (2014) 231802 47030z o o o 0z 63

- Top quark pair production with a photon
-+ Precision measurement of inclusive and differential cross section
- Test of SM predictions, sensitive to EFT modification of top couplings
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LHC Physics Center

| have been an active member of the LPC since 2015

LPC Distinguished Researcher Award in 2019 and 2020 Students at the CMS Detector
lUpgres HATS o

Contributing to many physics analysis and detector -] ——

upgrade projects within the CMS community at
Fermilab

Facilitator for multiple schools and tutorials at the LPC
CMS Data Analysis School:
Lead tutorials in statistics and machine learning
Lead data analysis exercises in measurement

of top quark mass and tt+y cross section 2019 Top Quark Physics at the
i . Precision Frontier
Hands-on Advanced Tutorial Session (HATS): Y /o ;:::%'!,\l“ A

Lead tutorials on CMS Detector Upgrades,
data analysis in Python, and machine learning

Local organizer for workshop on Top Quark Physics at the f
Precision Frontier (January 2018 and May 2019) /
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Detector Upgrades

- Upgrades to detectors are required in order to cope with the higher rates and accumulated
radiation damage, while maintaining a consistent or improving level of precision

« Three main regimes

- Phase-1 : Improvements to maintain performance through the end of Run 3
- HL-LHC : Higher precision while coping with the higher data rates and radiation levels
- Beyond the HL-LHC : More extreme environments while extending precision/sensitivity
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Phase-1 Upgrades




CMS Detector Upgrades

Phase-1 Upgrades

Hadronic
Calorimeter
(HCAL)

Off detector
DAQ & Trigger

Pixel Detector




HCAL Upgrades

Phase-1 Upgrades Overview

Endcap (HE) : 2018

Barrel (HB): 2019-2020

First use of SiPMs in collider detector

— | With new front end electronics allows
' depth segmentation

increased

Forward (HF): 2017
Replacement of PMTs
New front end electronics




HCAL Upgrades

Forward Hadronic Calorimeter (HF)

- Significant background noise from anomalous hits after the absorber
- Punch through particles interacting with fiber bundles or PMTs
- Mitigated by inclusion of pulse timing information in upgraded readout

- Capable of discriminating early-arriving punch through signals from in-time
light from the absorber

CMS Preliminary 2017 13 TeV
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QIE 10 Card for HF readout

HCAL Upgrades

HF Electronics Testing & Integration

New front end electronics based on the Fermilab
designed QIE10 ASIC (charge integrator and
encoder)

| led a team of approx. 20 students, postdocs,
and engineers in the testing, burn in, and
installation of upgraded detector

Full tests of functionality

Integration into existing readout system
Calibration of readouts

Installation onto the detector
Commissioning with collision data

Large effort, resulting in successful upgrade of
the detector during winter of 2016/17

| received CMS Detector Award for my
leadership role in this project

10




HCAL Upgrades

Challenges in HF Testing / Commissioning

Throughout the testing and commissioning process, issues were :
identified and remedied ac00

* Quality issues in initial assembly
* Fragility of cabling
* Mismatch of supplied voltages to QIE ASIC

Problem identified through an “echo” 4 clock cycles after large 2
signal pulses '

) w8

-
-
-

A

- QIE internally cycles through 4 capacitors (charging, reading
out, discharging)

Working with FNAL engineers who designed the ASIC and
boards (Tom Zimmerman and Terri Shaw), we were able to
identify the issue

 Voltage supplied by DC/DC converter too low to allow full
discharge of circuit

Able to fix the problem with a modification to the DC/DC
converters, increasing nominal voltage to 5.2 V

Echo charge (fC)

- Same solution was able to be applied to prevent issue in
barrel and endcap electronics
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Precision of QIE calibration over
independent measurements

J

50

HCAL Upgrades 40

QIE Calibrations 0

20

QIE Channels

QIE’s are responsible for digitizing the analog
electrical signals produced by the photodetectors 10
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Accurate measurement of charge essential for 8o
reconstruction of energy depositions in the
detector

o
()

Calibration setup for barrel readout

electronics in Wilson Hall
- {7 ’

Led the development and execution of the
calibration for all HCAL upgrades —

Calibration systems developed for each subsystem

Lessons learned in each subdetector carried
over to the design and procedures of the next

Each channel calibrated individually

HF : 200 boards x 24 QIE/board

HE/HB : ~1000 boards x 12 or 16 QIE/board
Calibration measured to 0.3% precision

Measured response of all channels fed back
into CMS event reconstruction algorithms

12



HCAL Upgrades

Timing information for dual

anode readouts of HF PMTs
Summary
- Phase-1 Upgrades of hadronic calorimeter have EE zz
been very successful £ | n
- Upgrades of the HF subdetector have provided § 1of /';lf
significant improvements in the ability to identify - \# ﬁ
and reject anomalous hits in the detector NS T I I
- Upgrades of barrel and endcap calorimeters HF Digi Time (ns) d2

improved detector response and added
Increased segmentation

HCAL Depth Segmentation before and after upgrades
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HL-LHC Upgrades




High Luminosity LHC Upgrades

Updates to
barrel calorimeter

Replacemen't of
Tracker

15

HGCAL
Replacement of endcap
calorimeter




High Luminosity LHC Upgrades

HGCAL
Replacement of endcap

calorimeter

D
/)

Outline:
Overview of HGCAL detector
i~ & Development of ASIC for readout
» - Algorithm Development
- ASIC Design Verification

16



High Granularity Calorimeter
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High Granularity Calorimeter
Endcap Concentrator (ECON) ASIC

Data volumes from the large number of channels will present challenges in readout
Readout of trigger information at 40 MHz

Endcap Concentrator ASIC (or ECON) being developed to handle data volumes from
HGCAL

Apply one of a number of algorithms to reduce data volumes to a manageable level

Transmit data to backend where it can be combined with information from rest of
detector to make a trigger decision
L1 Trigger:

CMS Detector Al-EPGA

py % 5 processing stack
4 w‘r'_;/{ ¥ .

~10s Tb/s

High level trigger:
filterfarm computing grid



High Granularity Calorimeter

432 silicon sensor cells grouped
into 48 trigger cells

Algorithm Development

For Level-1 trigger, channels are grouped into “trigger cells”

Trigger cell data is still too much to transmit at 40 MHz for
trigger evaluation

ECON will have multiple algorithms for further data reduction

Simplest: Threshold algorithm, reading out only cells above
programmable threshold

Most novel: Autoencoder, implement machine learning
algorithm

Reconfigurable neural network for data compression

First use of machine learning on radiation tolerant ASIC
for HEP

Autoencoder Algorithm
Original Input Latent Representation Reconstructed Output

In Backend

On-detector
Electronics

19

Selection of trigger cells
above threshold




High Granularity Calorimeter

AutoEncoder Algorithm Optimization

Weights of the AutoEncoder algorithm are reprogrammable, allowing retraining of

network to suit future needs

General network architecture is fixed in the ASIC

Work with engineers to understand the limitations, and find ways of optimizing the

performance

ASIC Metrics: Power, Size, # of registers
Physics Metrics: Reconstruction eff., Trigger rates

Encoder: reconfigurable weights

_________________
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High Granularity Calorimeter

Bit-level emulation and verification

Developed software based emulation of full functionality of the ECON

Provides bit-wise predictions of values at each block of the chip
Invaluable in understanding performance and operating conditions

Independent implementation from ASIC designers, has been
critical in discovering and correcting bugs in design

Working closely with the engineers Fermilab ASIC Design group
Intermediary between the design group and the physicists

Emulation has been crucial for development of coverage and
design verification plans to ensure full performance of the design
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Block Diagram of ECON-T ASIC
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Beyond the HL-LHC



Future Detector Development

Beyond the HL-LHC, processes like Shnowmass and European Strategy for
Particle Physics are looking at what the future of the field will look like

New experiments and accelerators are being envisioned

”_C or Othel’ ee COIider, Basic Research Needs for High Energy Physics

Detector Research & Development

FCC
Muon collider

The primary challenges will look very familiar,
just at higher levels

- Coping with extreme environments and
data rates

Improving measurement precision

DOE Basic Research Needs Study highlights the
types or new detector and instrumentation
technologies that will be needed to achieve
these goals of these experiments

Report of the Office of Science Workshop on Basic Research
Needs for HEP Detector Research and Development
December 11-14, 2019

23 https://science.osti.gov/-/media/hep/pdf/Reports/2020/
DOE Basic Research Needs Study on High Energy Physics.pdf
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Future Detector Development

To achieve high level of precision required for the physics goals of these

experiments, improvements in detector technologies will be required

Timeline of Research Priorities for Higgs and Energy Frontier in BRN Study
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e+e- collider operations (90 GeV — 3 TeV)

HL-LHC operations (inner detector replacement) 100 TeV pp collider operations

PRD 1: Enhance energy resolution >

PRD 2: Advance spatial & timing resolution & radiation hardness

Calorimetry

PRD 3: Develop ultrafast media for improved background rejection/particle identification >

Photodetectors

Readout &
ASICs

PRD 7: Extend wavelength range & develop new single-photon counters
PRD 9: Adapt photosensors for extreme environments
PRD 10: Devices/architectures for picosecond timing & event separation

PRD 11: Develop optical coupling paradigms for enhanced light collection

PRD 16: Process evaluation/modeling for ASICS in extreme environments

PRD 17: Create building blocks for Systems-on-Chip for extreme environments

PRD 18: Pixel detectors with high spatial/ per-pixel time resolution for high-collision-density environments

PRD 19: Adapt new materials and fabrication/integration techniques for particle tracking

PRD 20: Scalable, Irreducible-mass trackers

TDAQ  SS & Tracking

PRD 21: Achieve on-detector, real-time, continuous data processing and transmission

PRD 23: Develop timing distribution with picosecond synchronizatio

24



Future Detector Development

Role of Test beam

- Test beam and irradiation facilities will continue to be critical to
development of almost all of these these detector developments

PRD 2: Advance spatial & timing resolution & radiation hardness

PRD 10: Devices/architectures for picosecond timing & event separation

PRD 18: Pixel detectors with high spatial/ per-pixel time resolution for high-collision-density environments

PRD 19: Adapt new materials and fabrication/integration techniques for particle tracking

- All of these will require use of new materials or new technologies,
which will require continuous testing in a test-beam environment

- Test beams will also need to adapt and improve to meet the needs
of the detector research

25



Test Beam

Increase User Base

Training opportunities can be an effective way to engage new users

LPC has had a good amount of success in engaging and recruiting
new users through Hands-on Advanced Tutorial Sessions (HATS)

Typically half-day or one day tutorial, with hands-on exercises
Give new users experience in many aspects of CMS

- Has been applied to both tools and frameworks for physics
analysis, as well for detector upgrades and operations tasks

| believe that incorporating such a training/tutorial session could be

a useful tool in bringing in new users to the test beam facility at
Fermilab

Simple hands-on examples and experiences can go a long way
in demystifying the experience, engaging new users, and
providing easy ways to get over the learning curves involved

26



Summary

Current detector upgrade efforts on CMS have been very successful
I’ve had leading roles in the upgrades of the HCAL and HGCAL subdetectors

Future detector development will be critical for continued success of the field in years
to come

New accelerators and experiments will require continued development of detector
technologies

Fermilab Test Beam Facility and Irradiation Test Area will continue to play a crucial
role in these projects into the future

| believe my experience in detector development, testing, and integration would allow
me to make a positive impact within the Fermilab Test Beam group

27
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Physics Analysis

tt+y cross section measurement

A

* Top quark pair production with a photon

* Measured in semileptonic final state using full Y e
A . Photon
Run 2 dataset from CMS o o7 175 Gev

- Measurement of both the inclusive and
differential cross section

o, (tty) = 800 £ 46 (syst) + 7 (stat) fb

- Sensitive to electromagnetic coupling of the top quark

- Results can be interpreted to constrain EFT coefficients
which affect the top-photon interaction

CMS Preliminary 137 fb ' (13 TeV) CMS Prefiminary (13TeV)
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LHC Performance

LHC has been performing beyond expectation

Simulated HL-LHC collision event

Performance has been improving year over year

High Luminosity LHC (HL-LHC) will allow higher rates
Factor of 5-7 times the design luminosity of the LHC
Up to 200 interactions per bunch crossing

Upgrades required to the CMS detector to cope with
the higher rates and accumulated radiation damage

CMS Integrated Luminosity Delivered, pp LHC / HL-LHC expected performance

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC ¢ Peak luminosity =Integrated luminosity
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CMS Detector Upgrades

CMS Update program split into two regimes:
Recently completed Phase-1 Upgrades
HL-LHC Upgrades to be installed after Run 3

LHC B HL-LHC

LS1 EYETS LS2 14 TeV LS3 14 TeV
13 TeV energy
; dati INJECTOR UPGRADE got?n ;};I
splice consolidation cryolimit -
7Tev 8 TeV button collimators TOIS absorber interaction . i LH(.: luminosity
R2E project 11T dipole & collimator regions installation }
Civil Eng. P1-P5 ﬂ
2011 | 2012 ‘ 2013 ] 2014 | 2015 | 2016 | 2017 ‘ 2018 2019 | 2020 ‘ 2021 | 2022 ‘ 2023 ] 2024 | 2025 ‘ 2026 |||||| ’ || 2038
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
) beam pipes 2 X nom. luminosity 2.5 x nominal luminosity upgrade phase 2
ég::mm nominal luminosity — ALICE - LHCb p—" |

luminosity /— upgrade
30 fb! 150 fb™! 300 b 3000 b AR

Phase-1 Upgrades HL-LHC Upgrades

Improvements to specific subsystems Upgrades of most of CMS
to keep CMS running smoothly through Run 3 to cope with HL-LHC

a running environment



Upgrade Motivation: Noise and radiation
damage cause degradation of the detector

Forward (HF) : Cherenkov calorimeter, steel
absorber with quartz fibers feeding light into
PMT

 Replacement of PMT's,

« New front end electronics with timing
information

Endcap (HE) / Barrel (HB) : Sampling
calorimeter brass / plastic scintillator layers

* Replacement of photodetectors

 New front end electronics with more
channels; better depth segmentation

 More precise calibration of depth-
dependent radiation damage

New front-end electronics feature QIE10 and

QIE11 ASICs,

* Designed by Fermilab, tested and
calibrated with university partners

HCAL Phase-1 Upgrades
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HCAL Upgrades

Forward Hadronic Calorimeter (HF)

Significant background noise from anomalous hits in the
PMT’s themselves

Upgrade to the electronics and replacement of PMT’s

PMT’s readout in dual anode mode, thinner window

New electronics provide timing information critical for
noise rejection

CMS Preliminary 2017 13 TeV a7
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HF Commissioning and Installation

Numerous issues encountered and remedied
over the course

Mismatch in DC/DC supply voltage on
circuit

Quality issues in initial assembly

Fragility of cables and connectors (custom
cables, consisting of 24 coaxial cables)

34



HF Commissioning and Installation

During spring of 2016, full replacement of QIE ASICs undertaken on previously
assembled boards

Fix a small issue discovered in the ASIC

Problems with the rework quality seen in first two batches
Unsoldered pins, missing components, shorted pins
23 of 40 boards failed visual inspection

Assembler was immediately contacted upon seeing the problems, and QC was
improved
No problems observed in further batches
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HF PMT Rework

« PMT's we are using have 4-anodes

e Since LS1, PMT’s have been read out as a single channel
(anodes joined together)

 Adapter board: connects to PMT base board and
gangs anodes into output channels

 Rework of PMT boxes splits signal into dual anode readout

* Replacing adapter board to go from 1-channel readout
to 2-channel (dual-anode) readout

36 PMT boxes’
: per.side

Connection from adapter
20 board to cable to front end

<— Adapter Board

™~

PMT Base Board




HF PMT Rework

« PMT boxes removed from detector and brought to surface
« Rework performed in SX5
e Procedure:
« Boxes tested before rework (measure LED light pulses)
 Open PMT box
 Change Adapter Board
e Electrical and mapping test
o Close box
e Retest with LED, sign-off on boxes after passing all tests
« PMT boxes installed back on detector after rework
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Charge (fC)

700

600

500

400

300

200

100

HF Calibration

* Provides the calibration conditions necessary for converting
QIE10 ADC measurements back to charge

* External charge injector built to supply precise current into
QIE cards

* Can measure ADC response of QIE cards at large range
of injected charge

* Configurable through 16-bit USB-controlled DAC

* Provides injected charge in the range of +100 fC to -50
pC

* Individually calibrate each range and caplD on every QIE10

—Range 0
—Range 1
—Range 2
.&" r —Range 3

: i
* -
&
L] .
,aﬁ L
¥
t"
W
",,u'"“ .... 10°E

Linearized ADC
QU
I

T,
2,
i

||||||||||||||||||||||||||||||||||||||||||
-
-
= "
w \

o Q;/ | Charge
ADC 16° 10 %harge (1C) |nJeCtorS
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HF Commissioning

e | ocal runs used to commission the detector
 Measuring Pedestal

# of channels

« Internal Charge Injection (QIE has ability 51
to inject pulse internally) o
« LED pulse: inject light pulse into PMT box 1oL
from calibration unit e
e Laser: inject pulse simultaneously across :
SYSte m ,
Time Sli;e
Pedestal Tuning Laser Pulse Laser Pulse Timing
o Before < 3 EJ::: Pulse Pulse
After w10 HFP* to HFM®
T - - N
e B e T T L B .

Time Slice

* Different laser fiber
39 lengths to HFP and HFM



Detector Commissioning

Pedestal Test Perlestal Test

Run 290677
2/4/2017

\

Run 290715

2/4/2017

Reconnect/replace cables
Replace bad cards

Y

B Good Channel
B Bad Channel
B Empty Channel
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HF Sourcing Calibration

e Source driver to move wire with Co-60 source
through detector

* Each tower has one or two sourcing tubes
e 31 tubes per wedge (20° in phi)
e Took around 18 hours per quarter of detector

 Used to verity channel mapping (from detector
to backend) as well as future calibration

HF source driver

Single tube sourcing data

O s =
[ — . .
S | Hadronic (short) fibers
c F
D 105 — it . S
%) E A =M e ettt ot o ﬂ / | .
S o EM (long) fibers
9.5 — . . ’
- -
85— +
- e e
:I 1 l 1 1 1 1 l 1 1 1 | l | | | | l 1 1 | 1 l | 1 1 1 I 1
5000 5500 6000 6500 7000 7500 8000

41 Source position (mm)
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039399855,
9595253535
23330593939
239393959595
9393939305
39393359207
19293933225
0592

intillator layer

All-silicon layer
Silicon/sc
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High Granularity Calorimeter
Bit-level ECON Emulation

 Complete emulation of the ECON-T in software has been developed for verification of the
design

« Standalone code, outside of CMS
e Uses MC simulation from CMS software as input
 Trigger cells charges from MC

software

as starting point

« Emulates behavior of ECON-T throughout all blocks
rovides full set of inputs/outputs of ECON, as well as inputs/outputs of each bloc
sed for input and comparison to UVM verification

seful in understanding and studying design choices for ECON

\ A /

40 MHz aligned

serial
eports

—>
—
—»|
—
—»|
—
—»|
—

Din_p[0]
Din_n[0]
Din_pl1.
Din_n[1.
Din_p[2.
Din_n(2]
Din_p(3]
Din_n[3]
Din_p[4] ———»]
Din_n[4]

]
)
]
1
]

Din_p[8] ———»f
Din_n(g]

Din_p[9] ————»]
Dinnfo] — 7|
Din_p[10] ———»f
Din_n[10]

Din_p[11] ——»|
Din_n[11] |

rallel
rallel
rallel aligne
Serial to Channel
rallel aligne
rallel
rallel
rallel
rallel
rallel aligne
Serial to Channel
rallel aligne
rallel
rallel aligner

ePortRx

Channel
Channel
;
;
Channel
Channel
;
;

Channel
aligner

data 28 bits per
channel

v octso]
e

ePortRxDataGroupl0](27:0] [Vix-reaT
i insea]

eportixDataGroupl1)27:0) [ R
oL

o
eportixDataGroupl2)27:0) o EHTE

b
eportRuDataGroupl31(27:0]
eportRDataGroupldl27:0)
o oae
ST
ePortixDataGroupls|[27:0] i ST

ePortixDataGroupls[27:0] i we
e sie0
eportixDataGroupl7)27:0) oA

erortxDataGroupl(27:0) o B
ePortRxDataGroup(8][27:0]

!a

ePortmuDataGroup(11)27:0f e Bale

Mux — Fixed - Calibrate

H

Foagto Fi Calibrate
1on

21 F2F7I*CALVIT]

a2 F2r(a4] CALVIa8)
a2 F2£{45] CAV[A5]
a6 2 F2F(46] CALV[46]
P F2F47]"CAVI47)

CcALQO47210]

THRESVOoA 71210

pallii
HighDersiy
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—

o
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CALQOA7210)
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Algorithms

Threshold-Sum

Default
Clock gated if not.
used

Super Trigger Cell

ALG type 1
Clock gated if not.
used

Best Choice

ALG type 2
Clock gated if not.
used

Repeater
EpTx Training
ALG type 3
Clock gated if not
used

—»
—»
—»
—

—

Formatter

CHARGEQDI0A7[60)
NTcalso]

ADD_MAvta7:0)
MOD_SUM[23:] (3 thi sums)

SUM(7.0] (Al channels)

XTC4_9_SumOto11(0]
XTC16_9_Sum0to2(:0]
XTC4_7_SumOro11(6:0]
MAXa_Addroto1 1(1:0]
MAXI6_Ader0t02(3:0)]

BC_GHARGEOt47(17:0] 0/47 output islargest value

BC_TC_AddO1047[5:0]
Note that the sum for BC s inthe formatter.

Also notethat truncation of bits has  new method

nottruncate using the HIghDEsity 2C register

using a programmatle value from [2C which tells how many.

bitsto truncate.
REPEATERQD(047(6:0]

bits before encoding. Also,
saturate if MS bits dropped
are not zero. Note Best
Choice drops before
algorithm, all others after.

Programmable dropped

FRAMEQD1027]15:0]

FRAMEQ NUMWIA:0]
Valuels 11025

FRAMEQ

Buffer
720x16

Size is max possible latency (30 BX) *
the max number of output elinks (12

elinks) * the number of 16 b words per

BX per elink (2) = 30%*12*2=720

12 links are used because both 13 and 14 elinks never

have more than one Bx latency. They empty faster than

they fill

'DATATYPEQ]2:0] i assigned in the formatter. The Buffer il r-assign
ne bitof datatype to indicate a T1 truncated frame (0) or a T2 truncated

frame(1)

Allfulllength frames are inserted into the buffer except
when there is not room (T2 threshold) or they are small
frames and we are saving room for the larger frames (T1
threshold). The conditional equations are:

Itdoes
It truncates

Conditi

n 1: (Nbuf + NBXc) > T1 (units in 16

bit words) ~ use truncated packet
Condition 2: [(Nbuf + NBXc) <= T1] and
[Nbuf > T2] and [NBXc <= T3] - use

truncated packet
n 3: [(Nbuf + NBXc) <= T1] and

[Nbuf > T2] and [NBXc > T3] - use full length

frame
Cond

n 4: [(Nbuf + NBxc <= T1] and [Nbuf

<= T2] - use full length frame

Nbuf is the filllevel in units of 16 bit words,
NBXOs the size of the incoming frame in units of 16 bit
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Dout_p[0]
Dout_n[0]
Dout_p[1]
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Dout_n(2]
Dout_p(3)
Dout_n(3]
Dout_pl4]
Dout_n4]
Dout_p(5]
Dout_n(5]
Dout_p[6]
Dout_nl[6]
Dout_pl7]
Dout_n[7]
Dout_p(8]
Dout_n(8]
Dout_p(9)]
Dout_n(9)]
Dout_p[10]
Dout_n[10]
Dout_p(11]
Dout_n(11]
Dout_p([12]
Dout_n[12]
Dout_p(13]
Dout_n[13]

1
]
]
]

Expected values
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e Simulate buffer size with no buffer controls other m

than T1 (cannot go over max size) =

 Look at phase space of Buffer size and current g
event size

Average Number of 16-bit words
0

0 Current BX size 2¢

Module used for latency
control scan on next slide

Buffer Size (Words)

Buffer Phase Space

o
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160 | \ ] 6
10 « | 407
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High Granularity Calorimeter

AutoEncoder Concept

~

—> Encoder (— Decoder _>-Z
Original
input ?ﬁ;ggstructed
https://blog.keras.io/building- Compressed
autoencoders-in-keras.html representation

TN

Encode with

TN
TN
TN on-detector ASIC

/ /[ [/ /

A
b=
L=
L~

48-pixel input
336 bits

Decode with
off-detector
FPGA

—>

Transmit 16 X 3b outputs

48 bits

Decoded 48-
pixel imagej
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High Granularity Calorimeter
AutoEncoder Algorithm

Development of a machine learning algorithm for data compression on the detector

Original Input Latent Representation Reconstructed Output

Y — Encoder — By — Decoder — Byl

“Image” of trigger cells taken as input to a Convolutional Neural Network (CNN),
and compressed to latent space which can be transmitted to backend electronics

Encoding takes place on ASIC
Fully reconfigurable: Weights of the network are programmable, network can be

retrained after installation
Algorithm can be customized to specific location on the detector, and the

evolving conditions of the detector

/ Encoder: reconfigurable weights

! Flatten Dense!
1 r— e L

48 inputs 16
Detector Layer (22b fixed point) : i
‘ o Converter  |: i
4 | 22bto 8b Mo Decoder
Total Energy | 9 — (reverse
.+ normalized /1 |i(64b) Encoder
inputs | ; to function)
“® |i(160b)
' < > FPGA
3 regions 3 regions i (off-
— i

H e i i :
a— g, detector)
Al ASIC in radiation environment
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HGCAL

Autoencoder Algorithm Optimization

& &

\\¥ 4x4x3 8x84/)\\;

=

2-10

f Geometry mapping \ f# of conv2D filters\ 6nv2D kernel si%

o o i

AN

FMax pooling conv2D outputs\

-

\_ S

f conv2D kernel stride \

iR

stride =2 stride = 1
O J

-
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HGCAL

Autoencoder Development Workflow

N e hls4ml simplifies the design of ML accelerators
ALGORITHM .' o
K l' o | hls4ml directives | << | HLS directives |

DEVELOPMENT
O ML Model o C++ library of ML functionalities optimized for HLS
&;Training *
Part: .. é

ReuseFactor: ..

S5 L hls 4 ml
_ —a HLS
U e  TMR4sv_hls

o« q
hlsdml rig-Sel PRI
. . A[i] = B[] * i;
Directives ieo
° 12: for (; i < 10; i++) {
[ e o B[i] = A[i] * B[i];
o C[i] = B[i] / 10;
[
D . \[ HLS ]

Performance \/~ T % RTL GDSII

C++ Hardware
Specification ~ Technology Library Implementation(s)

ECON
AUTOENCODER

Costs
R
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Detector Layer

3 regions

48 inputs
(22b fixed point)

3 regions

Encoder: reconfigurable weights

Converter

22b to 8b
Total Energy
+ normalized
inputs

Al ASIC in radiation environment
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Decoder
(reverse
Encoder
function)

FPGA
(off-
detector)




HGCAL

Autoencoder Algorithm Optimization

- Numerous choices of

Network Architecture

Relative Power & Area

Relative Performance

Test feature Geometry | # filter |kernel| stride| pooling | # params |# operations | EMD Mean| EMD RMS
Reference 4x4x3 38 3x3 1 none 1.00 1.00 1.00 1.00
4x4x3 -> 8x8 8x8 8 3x3 1 none 2.73 1.76 0.64 0.41
max pooling 8x8 38 3x3 1 2Xx2 0.71 0.97 0.59 0.33
3x3 -> 5x5 kemnel 8x8 8 5x5 1 2X2 0.99 2.76 0.64 0.35
pooling -> stride=2 8x8 38 3x3 2 none 0.94 0.59 0.76 0.46
8 -> 10 filters 8x8 10 3x3 2 none 1.17 0.73 0.73 0.43
8 -> 6 filters 8x8 6 3x3 2 none 0.70 0.44 0.85 0.57
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HGCAL

AutoEncoder Algorithm

Encoder: reconfigurable weights

48 inputs

(22b fixed point)

Detector 'Layer P A Converter

4 | 22bto 8b Decoder
| | Total Energy O N (reverse
J b + normalized s\ Encoder
inputs V. N function)
. < — FPGA
3 regions 3 regions (off-
detector)

Al ASIC in radiation environment
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High Granularity Calorimeter
AutoEncoder Algorithm

Development of a machine learning algorithm for data compression on the detector

Original Input Latent Representation Reconstructed Output

Y — Encoder — By — Decoder — Byl

“Image” of trigger cells taken as input to a Convolutional Neural Network (CNN),
and compressed to latent space which can be transmitted to backend electronics

Encoding takes place on ASIC
Fully reconfigurable: Weights of the network are programmable, network can be

retrained after installation
Algorithm can be customized to specific location on the detector, and the

evolving conditions of the detector

/ Encoder: reconfigurable weights

! Flatten Dense!
1 r— e L

48 inputs 16
Detector Layer (22b fixed point) : i
‘ o Converter  |: i
4 | 22bto 8b Mo Decoder
Total Energy | 9 — (reverse
.+ normalized /1 |i(64b) Encoder
inputs | ; to function)
“® |i(160b)
' < > FPGA
3 regions 3 regions i (off-
— i

H e i i :
a— g, detector)
Al ASIC in radiation environment
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High Granularity Calorimeter

Design Verification

Working closely with the engineers Fermilab ASIC Design group

Developed software based emulation of full functionality of the ASIC
Provides bit-wise predictions of values throughout the chip
Essential for testing and verification of ASIC design

Independent implementation from ASIC designers, has been critical in
discovering and correcting bugs in ASIC design

In collaboration with ASIC engineers, developed coverage and testing
plans to ensure full performance of the design

Block Diaaram of ECON-T ASIC

ePortRx formatter_buffer
P ] F —  ———
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| : 48in to 48 Threshold | :
_ ) | t /S '
Din_p[11:0] — 1 »! | ou um | I | y.Dout_p[12:0]
Din_n[11:0} _:_, > | - Multiplexer, - Soper — . -—I—>| 13-ePortTx [ ppo it n12:0]
- | float to fixed . I | -
: 12- | and calibrate Trigger Cell 'h’ I
| ePortRx_gro 12 — channel l Bost | :
: ups aligners : Choice : :
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————————————————————————— ' Repeater / R ettt Lt
buffer
» Error_b
| Auto
Enaggder T




